1 6 3 a r t I C l e S Tuberous sclerosis complex (TSC) is an autosomal dominant disease characterized by the presence of benign tumors called hamartomas, which can affect virtually every organ system of the body, including the brain (where hamartomas are known as cortical tubers) 1 . Most individuals with TSC also develop epilepsy, and 25-50% are diagnosed with autism spectrum disorders. Although it has been proposed that the cortical tubers cause seizures and cognitive deficits, increasing evidence suggests that there is a poor correlation between cortical tubers and the incidence of epilepsy or autism in individuals with TSC 2 . Furthermore, animal models of TSC have increased suscep tibility to seizures in the absence of cortical tubers, supporting the notion that tubers are not responsible for epilepsy. Thus, other mecha nisms, such as miswiring of neuronal connections, may contribute to the pathogenesis of epilepsy, autism and intellectual disabilities in individuals with TSC.
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TSC is caused by mutations in either of two genes, TSC1 or TSC2, whose protein products form a complex that is important in the phos phatidylinositol 3kinase (PI3K)AktmTOR pathway. Binding of a growth factor such as insulin to its cell surface receptor leads to activa tion of PI3K, which in turn activates the Akt kinase. Phosphorylation of TSC2 by Akt releases the inhibitory effect of the TSC1/TSC2 com plex on the Ras family GTPase Rheb 3, 4 . Rheb and its downstream effector mTOR are master regulators of cell growth. When Rheb is activated, the protein synthesis machinery is turned on, most likely via mTOR, and cell growth programs are initiated. Therefore, the TSC1/TSC2 complex keeps cell size in check by inhibiting mTORmediated mRNA translation. Cells with insufficient TSC1 or TSC2 function grow beyond their normal size and form hamartomas, but the pathophysiology of the neurological symptoms in individuals with TSC remains poorly understood.
The establishment of neural circuits in vivo requires a precise inter action between extending axons and guidance cues in their environ ment. One of the bestcharacterized axon pathways in the CNS is the projection of retinal ganglion cells (RGCs) from the eye to their targets in the brain. Many proteins, such as neurotrophins, sema phorins, slits and ephrins, regulate retinal axon pathfinding and topo graphic mapping in target regions, such as the dorsal lateral geniculate nucleus (dLGN) 5 . Interactions between EphA receptors and ephrinA ligands expressed in gradients in retinal neurons and across the dLGN are important for initial topographic map formation in the dLGN 6 . Spontaneous retinal activity then contributes to map refinement during postnatal stages [7] [8] [9] .
Binding of ephrin ligands triggers Eph receptor clustering, autophos phorylation and downstream signaling cascades that cause cytoskeletal rearrangements and changes in cell adhesion 10 . Through these mecha nisms, Eph receptors control axon turning, retraction and branching. Local regulation of protein synthesis and degradation in the axon also contributes to the rapid changes in growth cone dynamics that occur during axonal navigation [11] [12] [13] [14] [15] . Both repulsive and attractive cues can alter local protein translation in an mTORdependent manner, suggesting that guidance cues might affect axon growth and navigation at least in part by modulating mTOR activity 14, 16 .
We found a new role for Tsc1/Tsc2 in axon guidance using mouse models of TSC. Components of the TscmTOR pathway were Tsc2-Rheb signaling regulates EphA-mediated axon guidance 1 6 4 VOLUME 13 | NUMBER 2 | fEBRUaRy 2010 nature neurOSCIenCe a r t I C l e S highly expressed in developing RGC axons, and Tsc2 +/− mice, which have elevated mTOR activity in RGCs, developed aberrant retino geniculate projections. Consistent with this phenotype, in vitro Tsc2 +/− RGCs were less sensitive to the repulsive effects of ephrinA. Furthermore, EphA receptor signaling inhibited the mTOR pathway and reduced local protein synthesis in neurons. Our findings reveal a new mode of regulation of the TscmTOR pathway by cell surface receptor tyrosine kinases through the ERK1/2 kinases and shed light on the mechanism by which EphA receptors control mTOR activity and growth cone dynamics.
RESULTS

Increased retinal mTOR activity in Tsc2 +/− mice
We recently found that components of the TscmTOR pathway are preferentially localized in the axons of embryonic hippocampal neu rons and that homozygous Tsc1 inactivation causes the formation of multiple axons 17 . Given that homozygous Tsc2 knockout results in embryonic lethality 18 and that TSC is an autosomal dominant disease in which most cells in the brains of patients are probably heterozygous for TSC1 or TSC2 mutations, we investigated whether Tsc2 haploinsuf ficiency might also lead to a multiaxon phenotype. Doublelabeling for the axonal marker Tau1 and the somatodendritic marker MAP2 revealed similar numbers of neurons with multiple axons in cultures of embryonic day 16 (E16) Tsc2 +/− and wildtype cortical neurons (Supplementary Fig. 1 ), suggesting that Tsc2 haploinsufficiency may cause more subtle axonal abnormalities. Immunofluorescence stain ing of purified RGCs from the early postnatal retina confirmed that, similar to hippocampal neurons 17 , wildtype RGCs had higher axonal than dendritic levels of Tsc2 that was phosphorylated at the inhibitory Thr1462 site, total Rheb and active S6K1 (phosphorylated at Thr389) (Supplementary Fig. 2 ). This indicates that the Tsc2RhebmTOR pathway is preferentially activated in the axonal compartment of dif ferent types of neurons, including RGCs. We therefore examined axon guidance and connectivity in Tsc2 +/− mice, focusing on the developing retinogeniculate projection as a model system.
We first analyzed mTOR activity in the Tsc2deficient retina. To facilitate analysis of RGCs, we stained retinal sections from postnatal day 23 (P23) mice for βIIItubulin or the RGC markers Brn3a and Brn3b, in combination with phosphoS6 (Ser235/236), a reliable marker for mTOR activity ( Fig. 1 and Supplementary Fig. 3 ). The percentage of Brn3a or Brn3bpositive RGCs that were also positive for phosphoS6 was significantly higher in Tsc2 +/− mice than in wildtype littermates (P < 0.01 and P < 0.05, respectively, by MannWhitney test). Quantification of phosphoS6 fluorescence intensity also revealed significantly higher phosphoS6 levels in Tsc2 +/− than wildtype RGCs (P < 0.0001, by unpaired t test; Fig. 1d) . Thus, RGCs with heterozygous Tsc2 inactivation have elevated mTOR signaling in vivo.
Abnormal retinogeniculate projections in Tsc2 +/− mice To determine whether Tsc2 +/− mice have axon guidance defects, we labeled RGCs and their axonal projections with the anterograde tracer cholera toxin B (CTB). We injected one eye with CTB594 (red) and the other with CTB488 (green) at P14 and visualized the binocular retinogeniculate projections in dLGN sections at P16 (Fig. 2a,b and Supplementary Fig. 4 ). We noted that Tsc2 +/− dLGNs occasionally had more than one ipsilateral patch (Fig. 2c) , a defect that is similar to that described in ephrinA2 and ephrinA5 doubleknockout mice 7 . Analysis of ipsilateral and contralateral projections 19, 20 revealed a small, but significant, increase in the percentage of the dLGN occupied by projections from the ipsilateral eye in Tsc2 +/− mice compared with wildtype littermates (P < 0.05, by t test; Fig. 2d) . In contrast, similar portions of the Tsc2 +/− and wildtype dLGN were occupied by contralateral projections or received overlapping inputs (Fig. 2e,f) . Using a linescan technique to calculate the mean pixel intensity along the dorsalmedial to ventrallateral axes of the dLGN 21 , we found that the ipsilateral projections were shifted toward the ventrallateral region in Tsc2 +/− mice (Fig. 2g) , similar to what was reported for ephrinA knockout mice 21 .
The topography of RGC projections to the dLGN is regulated by the opposing gradients of EphA receptors expressed on RGC axons and ephrinA ligands expressed on target cells 6, 22 . Thus, the retinogeniculate topographic mapping defects in the Tsc2 +/− mice suggest that RGCs with defective Tsc2 signaling are less sensitive to a r t I C l e S ephrinA-dependent growth cone repulsion or axon pruning. To distinguish between these two possibilities, we injected eyes with CTB at P4, before the onset of pruning and map refinement 7 . We found that the dLGN area occupied by ipsilateral projections was larger in Tsc2 +/-mice than in wildtype mice (P = 0.0017 by ANOVA, n = 12 wildtype and 12 Tsc2 +/− mice). Although we cannot completely rule out a contribution of pruning or crossing defects, these results indicate that the RGC projections to the dLGN are already aberrantly exuberant before pruning begins. Because the ventrallateral shift and the exuberance of the ipsilateral retinogeniculate projections in Tsc2 +/− mice resemble the defects observed in ephrinA-deficient mice 21 , we examined the topography of the RGC termination zones in the dLGN. We selectively labeled subsets of RGC axons with focal DiIcrystal placement in the ventral temporal quarter of the retina. Single termination zones restricted to the dorsalmedial end of the dLGN were observed in wildtype mice, as expected (Fig. 3a) . In contrast, the termination zones in Tsc2 +/− littermates showed a ventrallateral shift and sometimes had more than one distinct termination zone (Fig. 3b) . Quantification of the RGC ter mination zones along the dorsalmedial to ventrallateral axis of the dLGN revealed a significantly larger extension of the Tsc2 +/− RGC projec tions along the dorsalmedial to ventrallateral axis compared with con trols (P < 0.01, by t test; Fig. 3c) . Overall, the mapping defects observed in the Tsc2 +/− ventraltemporal projections mimic those observed in ephrinA knockout mice, suggesting that EphA receptor signaling is attenuated in Tsc2deficient RGCs.
Loss of Tsc2 inhibits ephrin-induced growth cone collapse
After confirming that Tsc2 protein expression is reduced in Tsc2 +/− whole retina lysates and isolated cortical neurons ( Supplementary Fig. 4) , we used Tsc2 +/− RGCs to examine the sensitivity of their growth cones to ephrininduced collapse 23 . EphrinA1 stimulation caused the collapse of 70-80% of wildtype RGC growth cones, but only 35-40% of Tsc2 +/− growth cones (Fig. 4a,b) . Wildtype and Tsc2 +/− growth cones collapsed similarly in response to lalysophosphatidic acid (LPA), however, indi cating that Tsc2 deficiency specifically impairs EphA receptor-mediated collapse (Fig. 4b) . The decreased sensitivity of Tsc2 +/− RGCs to ephrinA is consistent with the aberrant pattern of retinogeniculate projections observed in vivo.
To verify that the decreased sensitivity of Tsc2deficient growth cones to ephrinA1 was not a result of lower EphA expression or signaling, we used a lentiviral shRNA 17, 24 to knockdown Tsc2 in cultured neurons. Tsc2 downregulation did not detectably affect EphA4, ephrinA2 and ephrinA5 protein levels ( Supplementary  Fig. 5 ). Furthermore, cell surface EphA4 level was not significantly affected in Tsc2 knockdown neurons, as revealed by the cell surface biotinylation assay (P > 0.05; Supplementary Fig. 5 ). Because ephrins induce Eph receptor clustering, which regulates signaling, we also verified that the density of EphA clusters was not altered in Tsc2 knockdown compared with control lentivirus-infected a r t I C l e S neurons ( Supplementary Fig. 6 ). Thus, the effects of Tsc2 deficiency on the retinogeniculate projection in vivo and ephrinA responsive ness of RGCs in vitro were not the results of aberrant ephrinA/EphA expression, localization or clustering. Because Tsc2 is a GTPaseactivating protein (GAP) that inhibits mTOR by inactivating the small GTPase Rheb, we also investigated the role of Rheb in growth cone collapse. We used lentiviral vectors to express the constitutively active RhebS16H mutant, which is insensi tive to Tsc2, and wildtype Rheb, which was also substantially activated when overexpressed (Fig. 4c) . Increased mTOR signaling was verified by measuring the phosphorylation of endogenous S6K1 and S6 in HEK293 cells infected with the Rheb lentiviruses ( Supplementary Fig. 7 ). EphrinA1 induced significant collapse in growth cones expressing wildtype, but not constitutively active, RhebS16H (P < 0.05 by t test). However, the collapse was reduced in neurons expressing wildtype Rheb or RhebS16H as compared with control neurons expressing only GFP (Fig. 4d) . Therefore, similar to Tsc2 deficiency, Rheb hyperactiva tion inhibits ephrinA-induced growth cone collapse. Ephrin-A1-Fc stimulated collapse was markedly reduced in Tsc2 +/− compared with wild-type RGCs (*** P < 0.001 by t test). There was no significant difference in LPA-treated growth cones from the two genotypes (P = 0.062 by unpaired t test). (c) The lentiviral construct was used to overexpress either wild-type Rheb (wtRHEB) or a constitutively active mutant (caRHEB, S16H), or GFP alone (GFP) as the control in Tsc2 +/+ cells. Western analyses verified higher levels of Rheb, phospho-S6K1 (Thr389) and phospho-S6 (Ser235/6) in wtRHEB-and caRHEB-infected hippocampal neurons than those in GFP-infected or uninfected (NI) neurons, in either 2% (vol/vol) B27 medium or B27-lacking medium for 16 h. Full-length gels are presented in Supplementary Figure 13 . (d) Quantification of the percentage of growth cone collapse in purified RGC cultures infected with wtRHEB, caRHEB or GFP lentivirus. Results represent mean ± s.e.m. from three independent experiments. RGCs with overexpression of wtRHEB or caRHEB had significantly less collapse than GFP-expressing RGCs (by t test, ** P < 0.01 comparing GFP infected cells in Fc versus ephrin-A1 stimulation; * P < 0.05 comparing wtRHEB-infected cells in Fc versus ephrin-A1 stimulation; * P < 0.02 comparing ephrin-A1 stimulations between GFP-and wtRHEB-infected, or GFP-and caRHEB-infected, neurons; ns, not significant (P = 0.069) by unpaired t test). 
Ephrin-As depress ERK and mTOR activities in neurons
We next examined whether there is crosstalk between EphA signaling and the mTOR pathway in neurons. Stimulation with ephrinA1 led to EphA phosphorylation, which was detectable by 2 min and peaked at 30 min poststimulation (Fig. 5a) . We also observed an inverse correlation between EphA activation and ERK1/2 phosphorylation/ activation, consistent with previous findings in nonneuronal cells 25 . EphrinA1-treated neurons also had rapid dephosphorylation of S6K1 by 2-5 min poststimulation and a delayed decrease in phospho S6 after ~15 min of stimulation (Fig. 5a,b) . 4EBP1, another effec tor of mTOR, was also dephosphorylated on ephrinA1 stimulation. Furthermore, ephrinA1 inhibited phosphorylation of ERK1/2, S6K1 and S6 in a dosedependent manner (Fig. 5c) . Stimulation of cortical neurons with ephrinA5, the predominant ephrinA in the dLGN, also decreased ERK1/2, S6K1 and S6 phosphorylation, but with a slower time course (Fig. 5d,e) . The levels of activated Akt (phosphorylated at Ser473) and TSC2 phosphorylated at Thr1462, a site phosphor ylated by Akt, remained constant throughout the period of ephrin stimulation. Thus, activation EphA receptor signaling inhibits both ERK1/2 and the mTOR pathway in neurons, the latter being inhibited independently of the upstream mTOR regulator Akt.
Ephrin-As inhibit protein synthesis in isolated neurites
Inhibition of mTOR activity by ephrinAs would be expected to repress protein synthesis in neurites and growth cones. We used the modified Boyden chamber system to harvest neuriteenriched lysates from neuronal cultures and measure metabolic incorporation of 35 Slabeled amino acids into newly synthesized proteins (Fig. 6a) .
EphrinA1 and the mTOR inhibitor rapamycin both caused a similar 25-35% reduction in protein synthesis, whereas translation inhibi tors such as UO126 and anisomycin almost completely blocked 35 S incorporation (Fig. 6b,c) . Thus, mTOR inhibition by rapamycin or ephrinA1 appears to substantially reduce protein synthesis in neurites. Local translation and degradation of βactin and proteins that reg ulate the actin cytoskeleton are important for controlling cytoskeletal dynamics in axons and growth cones [13] [14] [15] [16] . To monitor local transla tion in ephrinA1-stimulated neurons, we used the dGFP myr bACT 3′ UTR construct, which encodes a destabilized and myristoylated GFP from a transcript fused to the 3′ UTR of βactin 26 ( Supplementary  Fig. 8 ). This 3′ UTR contains a sequence for localization to neuronal processes. In fluorescence recovery after photobleaching experiments, we photobleached axonal terminal portions, including the growth cones of transfected neurons, and monitored signal recovery over a period of ~20 min. In general, this time scale is not long enough for transport or diffusion of myristoylated dGFP protein from the soma to the growth cone 27, 28 . The dGFP myr bACT 3′ UTR fluorescence signal recovered rapidly after bleaching in control neurons, whereas fluores cence recovery was minimal for the cotransfected control d2mCherry (data not shown). dGFP fluorescence recovery in axons pretreated with the translation inhibitor anisomycin (100 µM) was markedly delayed and repressed, as expected (Fig. 6d-f and Supplementary  Fig. 8) . Notably, fluorescence recovery in the presence of ephrin A1-Fc was significantly reduced compared with Fc control (P < 0.05 by twoway ANOVA). These findings suggest that ephrinA1 stimula tion inhibits fast and localized translation of βactin and other mRNAs in the growth cone. Nevertheless, we did not detect substantial effects of anisomycin or rapamycin on ephrinA1-induced growth cone collapse (data not shown), as previously reported 29 . This suggests that the inhibition of mTOR activity and local translation induced by ephrin stimulation is already sufficient for maximal growth cone collapse.
Guidance cues differentially modulate Tsc2 activity
Consistent with its inhibitory effects on ephrindependent growth cone collapse, Tsc2 knockdown abolished ephrinA1-dependent down regulation of S6K1 and S6 phosphorylation in neurons (Fig. 7a,b) . The levels of phosphoS6K1 and phosphoS6 remained unchanged over a 60min time course of ephrin stimulation, excluding the possibility of a delayed dephosphorylation (Fig. 7c) . Cremediated inactivation of the Tsc1/Tsc2 complex in cortical neurons isolated from Tsc1 loxP/loxP or Tsc2 loxP/loxP mice also prevented ephrinA-dependent S6 dephosphorylation (Supplementary Fig. 9 ). Furthermore, ephrinA1 stimulation decreased S6K1 and S6 phosphorylation in wildtype, but not Tsc2 −/− , mouse embryonic fibroblasts (Supplementary Fig. 10 ), indicating that EphA signaling can also regulate the mTOR pathway in nonneuronal cells. These results suggest that Tsc2 is both necessary and sufficient for the negative regulation of mTOR activity by ephrinAs, probably via a mechanism that does not involve Tsc2 phosphorylation by Akt at Thr1462 (see above). Notably, ERK1/2 inactivation by ephrinA1 still occurred in Tsc2 knockdown neurons, even though baseline ERK1/2 phosphorylation was lower than in control neurons (Fig. 7a,b) . Thus, ERK1/2 might be responsible for EphAdependent Tsc2 activation. Tsc2 activity can be inhibited not only by Aktdependent phos phorylation at Thr1462 and Ser939, but also by ERKdependent phosphorylation at Ser664 (refs. 4,30) . Brainderived neurotrophic factor (BDNF) stimulation markedly increased Akt and ERK1/2 phos phorylation in cultured neurons, whereas ephrinA1-Fc significantly suppressed ERK1/2, but not Akt, phosphorylation (P < 0.05, ttest; Fig. 8a) . We therefore used phosphospecific antibodies to assess the modulation of Tsc2 by Akt and ERK1/2 in neurons stimulated with BDNF or ephrinA1. As expected, S6K1 phosphorylation was upregulated by BDNF and downregulated by ephrinA1 stimulation (Fig. 8a) . BDNF also increased Tsc2 phosphorylation of both Thr1462 and Ser664 about twofold compared with controltreated neurons (Fig. 8a,b) . In contrast, Tsc2 Ser664 phosphorylation was approxi mately 35% lower in ephrinA1stimulated cells than in control treated cells. These results suggest that, in cultured neurons, BDNF increases Tsc2 phosphorylation through activation of both Akt and Significant difference in signal recovery was assessed by two-way ANOVA when comparing ephrinA1 versus Fc treatments at each time point post-bleaching (* P < 0.05, ** P < 0.01 and *** P < 0.001 at 7~19 min). (f) Quantification of GFP signal recovery in anisomycin versus DMSO treatments (*** P < 0.001 by two-way ANOVA). a r t I C l e S ERK, which synergistically inhibit Tsc2 GAP function toward Rheb, whereas ephrinA1 selectively decreases phosphorylation of Tsc2 at the ERK site. Thus, the TscmTOR pathway can be positively or negatively regulated by distinct axon guidance cues.
We then examined whether ephrinA stimulation can regulate Tsc mTOR signaling locally in the axon. We detected high phosphoTsc2 (S664) immunofluorescence in growth cones and filopodia (Supplementary Fig. 11 ). On ephrinA1 stimulation, the signal diminished rapidly from the growth cone and axon tips. At 5 min post stimulation, when the majority of growth cones (83%) have not yet collapsed, we observed a significant reduction of phosphoTsc2 (S664) labeling in ephrinA1-treated growth cones (P < 0.05, t test; (n = 4-10 growth cones, * P < 0.05, ** P < 0.01 and ns = not significant (P = 0.156) by unpaired t test). (e) Transfection of neurons with phospho-mimic mutant of TSC2 partially blocked growth cone collapse. Rat hippocampal neurons transfected with wild-type TSC2, mutant TSC2 (S664D/S540D) or empty control plasmids were stimulated with Fc or ephrin-A1-Fc for 30 min. Growth cone collapse was determined by phalloidin staining. Data represent mean percentage collapse ± s.e.m. from three independent experiments with duplicates in each experiment (* P < 0.05, ** P < 0.01 and ns = not significant (P = 0.333) by unpaired t test).
Figure 7
Tsc2 is required for ephrin-A1-stimulated mTOR inactivation. Tsc2 +/+ cortical neurons were infected with lentivirus expressing shRNA specific for Tsc2 (T2sh1) or a firefly luciferase (GL3, control). Both uninfected and infected neurons were then stimulated with pre-clustered ephrin-A1-Fc versus Fc for 30 min. (a) Representative western blots for indicated proteins. Downregulation of Tsc2 decreased Tsc1 levels and increased SAD-A/B levels, consistent with our previous findings 17, 24 . There were no significant differences in EphA4 and EphA5 expression, ephrin-induced EphA tyrosine phosphorylation or in ephexin phosphorylation between Tsc2 knockdown and control neurons (P > 0.2 by t test). Tsc2 knockdown abolished the ephrin-A1-dependent downregulation of S6K1 and S6 phosphorylation observed in control neurons. Inactivation of ERK1/2 by ephrin-A1 was still observed in the Tsc2 knockdown neurons, even though the baseline level of phospho-ERK1/2 was lower in these neurons than in the controls. Total ERK1/2, S6 were used as loading controls. Full-length gels are presented in Supplementary  Figure 14. (b) Quantification of the western blot analyses. Relative intensities for each protein were normalized according to the tubulin loading control and expressed as mean ratios of GL3 or T2sh1 to uninfected neurons in each independent experiment. Data represent mean ± s.e.m. from four independent experiments (* P < 0.05, ** P < 0.01, *** P < 0.001 and ns = not significant (P > 0.4) by t test). (c) T2sh1-infected neurons were stimulated with pre-clustered ephrin-A1-Fc or control Fc proteins for the indicated time periods. Phospho-S6K1 and phospho-S6 remained unchanged over the time course of stimulation. Tubulin, total ERK, S6K and S6 were used as loading controls.
a r t I C l e S Fig. 8c,d) . PhosphoS6K1 immunofluorescence showed a similar reduction after ephrinA1 treatment (Supplementary Fig. 11 ).
EphrinA1 stimulation for 15 min led to complete growth cone col lapse, coincident with only a faint residual phosphoTsc2 (S664) and phosphoS6K (T389) signal in the axon tips. Thus, ephrinA1 induces fast dephosphorylation of Tsc2 on Ser664 and S6K1 on Thr389 in the growth cone, consistent with the timing of inhibition of local transla tion in growth cones measured with the βactin reporter.
To confirm that the rapid change in Tsc2 phosphorylation in the growth cone is involved in ephrindependent growth cone collapse, we transfected neurons with wildtype Tsc2 or the phosphomimic S540D/S664D mutant 30 . We observed a partial blockade of ephrin A1-induced growth cone collapse by the phosphomimic Tsc2 mutant, but not by wildtype Tsc2 (Fig. 8e) . This indicates that ERK regulates Tsc2 activity in the cellular machinery that controls growth cone dynamics in response to ephrin stimulation.
DISCUSSION
We found that the Tsc1/Tsc2 complex was required for ephrinAinduced growth cone collapse and determined a mechanism by which ephrins can regulate the TscmTOR pathway in axons. We also found that Tsc2deficient RGCs projected aberrantly to the dLGN, indi cating that the TscmTOR pathway is important for Ephmediated axon guidance in vivo. Therefore, Tsc2mediated regulation of mTOR is crucial for growth cone dynamics and proper axon pathfinding (Supplementary Fig. 12 ).
Eph receptors in neural development, plasticity and repair
The role of Eph receptors and ephrins in the CNS has been exten sively studied and a notable feature is the diversity of their functions 10 . The Eph receptors represent the largest family of receptor tyrosine kinases in the mammalian genome and regulate various signaling pathways through a number of downstream effectors, including gua nine nucleotide exchange factors (Ephexins, Kalirin, Intersectin and Tiam1), GTPaseactivating proteins (p120RasGAP, a2chimaerin and SPAR), tyrosine kinases (Src, Abl and Fak), phosphatases (LMWPTP and Ship2) and adaptor proteins (Nck, Grb2, Grb4 and Crk) 10 . Here, we discovered a pathway in which Eph receptors regulate mTOR via ERK inhibition, which leads to Tsc2 activation. Eph forward signaling probably simultaneously modulates this and other signaling pathways to modify cytoskeletal dynamics in the growth cone. We found that ephrinAs inhibited mTOR activity in neurons, and it will be interesting to examine whether ephrins of the B class can also regulate mTOR.
Eph/ephrin signaling is important in the formation of not only retinal connections, but also other axonal projections, such as cortico spinal and thalamocortical connections and the corpus callosum. Our findings in the retinogeniculate connections may therefore have general relevance for the mapping of axonal connections in the devel oping CNS. Recently, the Eph system was also shown to be impor tant for radial column formation in the neocortex, implicating these molecules in neuropsychiatric disorders associated with abnormal columnar organization 31 . Whether TSC mouse models have abnormal columnar organization has not yet been investigated. Eph receptors and ephrins also persist in the adult brain, particularly in regions where neuronal circuits continue to be remodeled, such as the hippo campus 32 . The hippocampal longterm potentiation (LTP) and learn ing abnormalities reported in Tscdeficient mouse models could be explained, at least in part, by the involvement of the TscmTOR path way in Eph signaling 33 . Finally, multiple Eph receptors and ephrins are upregulated at sites of CNS injury, where they seem to hinder axon regeneration through their repulsive signaling 34 . In particular, EphA4 is emerging as an inhibitor of nerve regeneration, possibly by interacting with both ephrinB2 in reactive astrocytes and ephrinB3 in myelin. Recently, mTOR activation by Pten or Tsc1 knockout was shown to promote the regenerative capacity of injured axons 35 . Our data suggest that one of the possible mechanisms by which mTOR acti vation could promote axon regeneration is by opposing Eph repulsive signaling. Further experiments involving genetic and chemical manipulations of Eph and mTOR signaling are needed to better delineate their interaction during axon regeneration.
The role of mTOR in axon guidance
We found that, on Eph activation, ERK activity was inhibited. This led to the activation of TSC2, which inhibited Rheb. Consistent with these findings, the loss of Tsc2 and overexpression of constitutively active Rheb decreased the responsiveness of growth cones to repul sive ephrin signals. To date, mTOR is the only known downstream target of Rheb. There are two distinct mTOR complexes: mTORC1, which mainly regulates the translational machinery, and mTORC2, which mainly regulates the actin cytoskeleton. mTORC1 is acutely sensitive to rapamycin, whereas mTORC2 is not, although mTORC2 can be inhibited by longterm rapamycin treatment. Rheb can acti vate mTORC1 by disrupting the binding of the inhibitory protein FKBP38, but reportedly inhibits mTORC2 (ref. 36) . Thus, the similar reduction in growth cone collapse by suppression of Tsc2 or over expression of Rheb strongly suggests that this phenotype is medi ated by mTORC1. Notably, previous studies have shown that growth cone collapse induced by semaphorins or Slit requires rapamycin sensitive mTOR activity 16, 37 , suggesting that either too much or too little mTORC1 activity may interfere with growth cone dynamics and result in aberrant axon guidance.
The mTOR pathway is a critical regulator of protein synthesis and we found that ephrin stimulation reduced protein synthesis in neu rons. However, mTOR might mediate additional functions down stream of Eph receptors, including transcription, ubiquitindependent proteolysis, autophagy, membrane trafficking, and microtubule and actin cytoskeleton dynamics. Additional experiments are needed to determine whether the role of mTOR in ephrindependent growth cone guidance involves regulation of protein synthesis or additional mechanisms, such as regulation of cytoskeletal dynamics.
Accumulating evidence suggests that the machineries for protein synthesis and degradation are both present and locally active in the growth cone and can be regulated by guidance cues 11, 38 . Axon guid ance molecules such as netrin1 and semaphorins can trigger protein synthesis in retinal growth cones isolated from their cell bodies 16 and inhibition of mTOR has been shown to interfere with proper RGC axon pathfinding. Two recent studies have shown that βactin mRNA is subject to local translation in the growth cone. In Xenopus, the growth cone turning activity of BDNF requires local protein synthesis and is abolished by inhibitors of mRNA translation 15 . Local BDNF exposure induces colocalization of βactin mRNA with the asym metrically localized ZBP1 protein, resulting in asymmetric distribu tion of newly translated βactin and growth cone turning. Similarly, netrin induces transport of Vg1RBP (the Xenopus homolog of ZBP1) into filopodia and increases βactin translation 13 . This requires the 3′ UTR of the βactin mRNA and mTOR activity. Our results suggest further molecular links between axon guidance cues and local mRNA translation in the axon, including the Tsc1/Tsc2 complex and Rheb. Furthermore, we found that ephrindependent growth cone collapse involves ERK inactivation and consequent Tsc2 activation, resulting in mTOR suppression. Therefore, the mTOR kinase can be used by diverse extracellular cues to modulate growth cone dynamics. a r t I C l e S There are at least two mechanisms by which mTORC1 regulates the translational machinery: phosphorylation of S6K, which increases the translation of mRNA transcripts containing a tract of pyrimidine motif, and phosphorylation of the eIF4Ebinding proteins, which relieves the inhibitory effect of 4EBP1 on capdependent translation initiation. The roles of S6K and 4EBP1 in axons are poorly characterized, although we recently found that activated S6K1 is preferentially localized in the growing axon when neurites are first developing 17 . Identification of the repertoire of mRNAs whose translation is regulated by the Tsc mTORC1 pathway in axons will provide important insights into the role of translational control in growth cone dynamics.
Pathogenesis of TSC disease
Although substantial progress has been made in identifying the molecular and cellular mechanisms underlying tuber formation in individuals with TSC, an important unresolved issue is what causes seizures and autistic features in these individuals 2, [39] [40] [41] . Advances over the past few decades have suggested that dysregulation of axon growth and guidance is important in the pathogenesis of epilepsy, autism and intellectual disabilities. Deficient axonal growth has been associated with cerebral dysgenesis and intellectual disability 42 , whereas exces sive growth of neuronal processes has been associated with epilepsy 43 . The role of neuronal connectivity has also become apparent in autism. Magnetic resonance imaging studies have also demonstrated increased whitematter volume 44 and aberrant white matter adjacent to brain regions implicated in social cognition in autistic individuals 45 , sug gesting that abnormal connections between brain regions involved in social functioning may contribute to impaired social cognition. It will be interesting to see if individuals with TSC and autism can be distinguished from those with TSC, but not autism, on the basis of abnormal connectivity in regions involved in social cognition.
Individuals affected by TSC carry heterozygous mutations in either the TSC1 or the TSC2 genes. Loss of heterozygosity (LOH) has been demonstrated in lesions such as cardiac rhabdomyomas, renal angio myolipomas and subependymal giant cell astrocytomas, but not in cortical tubers 46 . In animal models, acute inactivation of the Tsc1 gene in hippocampal slice cultures results in increased soma size, decreased spine density and increased spine length in pyramidal neurons 47 . Moreover, Tsc1 +/− mice have deficits in hippocampaldependent learning. They also spend less time with unfamiliar mice and are worse at nest building compared with wildtype littermates, two lines of evidence that suggest abnormal social behavior. However, analysis of adult Tsc1 +/− brains failed to detect any changes in cell soma size, spine density or dendritic arborization 48 . Therefore, the neuro pathology associated with the cognitive and behavioral deficits remains unclear. Our data indicate that Tsc2 haploinsufficiency causes defects in axonal connectivity. It will be interesting to investigate whether the abnormalities that we have detected in the projections of retinal neurons may also be present in other neuronal populations and may contribute to the neurobehavioral phenotype of TSC mouse models and individuals with TSC.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. SDSPAGE gel, fixed in 3% glycerol/10% glacial acetic acid/20% methanol (all (vol/vol)) for 1 h and stained with EZblue solution (Sigma) to confirm the equal loading. Gels were then dried completely (80 °C for 2.5 h) and exposed to a storage phosphor screen for 3 d. [ 35 S] autoradiographs were scanned to ImageQuant 5.0 (GE Healthcare) with a PhosphorImager (Molecular Dynamics).
live-cell imaging and fluorescence recovery after photobleaching (FRAP). E18 hippocampal neurons were transfected with a destabilized GFP containing a myristoylation sequence and further fused to 3′ UTR of βactin (dGFP myr bACT 3′ UTR) and d2mCherry constructs (at ratio 4.5:3) using Amaxa nucleofection. The betaactin 3′ UTR drives axonal expression of dGFP 26 and the myristoyla tion sequence restrict side diffusion of the GFP on translation. For live imaging, transfected neurons on 35mm bottom glass dishes (MatTek) were washed and switched to preequilibrated Hibernate E Low Fluorescence medium (Brain Bits LLC). FRAP was performed using a Zeiss LSM5 upright confocal microscope fitted with a heating stage and 63× waterimmersion objective (numeric aperture = 0.9). Pinhole was set to ~7.05 for 488 line and ~6.33 for 568 line (corresponding to ~5µm optic slice) to ensure signal collection from entire thickness of axons.
